Understanding the coding of neural activity in nerve fascicles is a high priority in computational neuroscience, electroceutical autonomic nerve stimulation and functional electrical stimulation for treatment of paraplegia. Unfortunately, it has been little studied as no technique has yet been available to permit imaging of neuronal depolarization within fascicles in peripheral nerve. We report a novel method for achieving this, using a flexible cylindrical multi-electrode cuff placed around nerve and the new medical imaging technique of fast neural Electrical Impedance Tomography (EIT). In rat sciatic nerve, it was possible to distinguish separate fascicles activated in response to direct electrical stimulation of the posterior tibial and common peroneal nerves. Reconstructed EIT images of fascicular activation corresponded with high spatial accuracy to the appropriate fascicles apparent in histology, as well as the inverse source analysis (ISA) of compound action potentials (CAP). With this method, a temporal resolution of 0.3 ms and spatial resolution of less than 100 µm was achieved. The method presented here is a potential solution for imaging activity within peripheral nerves with high spatial accuracy. It also provides a basis for imaging and selective neuromodulation to be incorporated in a single implantable non-penetrating peri-neural device.
Introduction
There is currently renewed interest in the coding of neural information in the field of computational neuroscience. Mathematical models may be constructed of the information processing of spikes and refined and verified using electrophysiological measures of spiking activity using multielectrode arrays [1] . Information is transmitted to the central nervous system through peripheral nerves and any complete description thus requires understanding of spike coding in nerve as well as brain [2] . However, this field is not well developed, which may be attributed to limitations in technology for recording such neural activity within nerves. The anatomical basis for localisation of function in peripheral nerve is not clear. It is well established that peripheral nerves in larger mammals are organised into fascicles apparent on light microscopy but their functional anatomy is poorly understood.
Historically, the main approach has been the painstaking analysis of multiple serial sections which has permitted identification of somatotopic organisation in the principal human limb nerves [3, 4] . In approximately the distal third of the peripheral nerve, fascicles are generally devoted to a single muscle or receptive field. In about the middle third of the nerve they may merge with other fascicles to form a 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t mixed fascicle, but retain their unique localised somatotopic organisation within the mixed fascicle. The functional organisation of nerves as they rearrange in proximal brachial and lumbosacral plexuses and autonomic nerves is almost entirely unknown. Methods are available to add to this knowledge. Neural tracers may be used to label end organs and their supplying nerves but have been mainly used to trace connections to the CNS [5] . Computerised tracing may be applied to multiple serial histological sections but is time consuming and has only been limited to relatively short lengths of nerve [6] . These two techniques permit identification of anatomical organisation of fascicles but not their functional activity. This has been extensively studied using microelectrodes or, more recently, multielectrode arrays which are linear or 2D [7] [8] [9] [10] . However, these only provide a limited subset of spiking activity from the several thousand axons present in most peripheral nerves, according to the chance apposition of the recording contacts. There are also concerns regarding their chronic applications as the presence of rigid foreign material in nerves causes tissue damage and an inflammatory response [11, 12] .
There is therefore a pressing need for a novel method which could record functional activity in nerves with the temporal resolution of the compound action potential, i.e. milliseconds, but be nonpenetrating so that it could be left in-situ over months and produce images of such activity in nerve fascicles chronically. This would permit identification of the localisation of function in peripheral nerve but also yield images of the envelopes of spiking activity which could provide a key to unlocking the neural code in nerve before it arrives in the CNS. It could also have practical application in reconstructive surgery of peripheral nerve after trauma, where it could be used to identify fascicle function and human robotics based on activity in extant peripheral nerve after trauma [13] [14] [15] . Further in the field of "electroceutical" stimulation of autonomic nerve for treatment of disease, it could be used to identify the function of fascicles within autonomic nerve and so avoid off-target effects [16, 17] . In this work, we present such a method for the first time.
Background
Introduction to fast neural Electrical Impedance Tomography (EIT). Electrical impedance tomography (EIT) is an emerging medical imaging method in which small changes in impedance of a conductive volume may be imaged with an array of external electrodes. It may be used to produce images of neuronal depolarisation over milliseconds, related to small decreases in bulk tissue resistance which occur as ion channels open. This requires averaging over some tens of seconds or minutes in response to repeated evoked activity, but delivers a final data set with images every millisecond of neuronal depolarisation in the field of interest. We have extended its use to imaging the compound action potential in peripheral nerve using a non-penetrating soft rubber external nerve cuff with 16-32 electrodes (16 were used in this study as a proof of concept, 32 is currently being investigated). It yields images of compound action potential volleys with fascicles in the nerve with a resolution of <0.3msec and ~100µm in the studied rat sciatic nerve. This provides a new technique which could be used to unlock the functional anatomy and envelope of spike coding in somatic and autonomic nerve and support the study of neural coding in peripheral nerve in the future. Mathematically, EIT is close to inverse source localisation. However, the method has significant advantages: orders of magnitude more independent data (for N electrodes there are O(N2) independent measurements at a time compared to O(N) for ISA), a potentially unique solution, no field cancellation problem, and no theoretical limitations on the accuracy [18] [19] [20] . In this work, the resolution with 16 circumferential electrodes was 100 µm. As it is a proof of principle, we elected to demonstrate this in the two major fascicles in the sciatic nerve. However, the resolution could in the future be increased with larger numbers of electrodes. With 32 electrodes, modelling suggests that a resolution of 30 µm could be achieved in rat sciatic nerve. This would be at the sub-fascicular level and close to imaging small groups of axons, depending on the axon diameter. Thus the technique potentially is not limited to the fascicle-level, but could also be used to image much smaller axonal-level activity with an increased number of electrodes.
In this implementation multiple transfer impedances were rapidly recorded using an external cylindrical electrode array ( Figure 1 ). Each measurement was made by the injection of a constant current (30µA at 6kHz) through a pair of electrodes placed 5 electrodes apart (135 deg, according to the optimal  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t distinguishability/SNR [20] ) with simultaneous measurements of the corresponding voltage changes on the 14 remaining electrodes. Impedance changes were measured as the bulk resistance of active nerve fibres decreases by c. 0.1% during the opening of ion channels during the action potential; this allows the applied current to pass into the intracellular space. During the EIT measurement, current was sequentially applied to all possible electrode pairs, yielding 234 (14x16) transfer impedances. These impedances were then reconstructed into tomographic images every 0.33 milliseconds using a cylindrical finite element mesh through regularization and inversion of a Jacobian matrix which relates conductivity of image voxels to the boundary voltage measurements. EIT is a soft-field problem and image spatial resolution is typically about 10% of the image diameter. Reproducible and biophysically plausible fast neural impedance changes have been recorded in crab nerves ex vivo [21] [22] [23] [24] . Fast neural EIT images have been obtained in rat cerebral cortex during normal [25, 26] and epileptic [27] activity, with a temporal resolution of <3 ms, and spatial resolution of less than 200 µm, using arrays of epicortical electrodes.
The rat sciatic nerve has been selected as a suitable model for studying the feasibility and current limitations of EIT imaging in a peripheral nerve as it has a reasonably large diameter of about 1.5mm and a well delineated internal fascicular organization [28] . The proximal and mid part of the nerve comprises 4 histologically distinguishable fascicles which divide distally into the tibial, common peroneal, posterior cutaneous, and sural nerves, and express distinct architecture for motor and sensory function [28, 29] . Mixed sensory orthodromic and motor antidromic compound action potentials were produced by electrical stimulation of the common peroneal or posterior tibial nerves. This produced the largest possible fibre activation and at the same time allowed improvement of the SNR by triggered ensemble averaging [26] . (e-f) The pair is then switched from one to another and the paradigm is repeated covering all possible electrode combinations. (g) These measured transfer impedances can be reconstructed into tomographic images using principles similar to X-ray back projection. (h) Reconstructed images of the neural activity have a resolution of less than 100 µm and 0.3 ms with current methods using 6kHz applied current and 16 electrodes in a nerve 1.5 mm in diameter.
Comparison with inverse source analysis (ISA) of the compound action potential. Inverse source modelling of physiological endogenous activity is a mature field which has been extensively applied to brain function recorded by EEG and MEG. Recently, interest has developed in its application to imaging fascicular activity in nerve [30] . Although the inverse problem is similar in both EIT and inverse source A c c e p t e d M a n u s c r i p t modelling, EIT has the advantage that the electric source is known. There is, therefore, a unique inverse solution in principle in contrast to inverse source imaging, which does not have a unique solution and requires simplifying assumptions of uncertain validity. In addition, more independent measures are obtained for the same number of electrodes in EIT: for n electrodes there are O(N2) independent measurements at a time, compared to O(N) for ISA). In addition, whereas ISA is limited as positive and negative fields may cancel without reaching surface electrodes,impedance changes due to ion channel opening are highly unimodal and so any cancellation of signals with EIT is negligible [18, 31, 32] . However, EIT in its current configuration for imaging fast neural activity in the brain requires several minutes of averaging to a repeated trigger whereas the SNR of ratio of local field potential recordings is higher and permits real-time signal classification. Early efforts using Loreta algorithms had limited success. With 56 longitudinal electrodes around the rat sciatic nerve, activity in multiple pathways could only be successfully localised in 25% of cases [33] . Since 2011, there have been significant advances in this methodology, mainly in conjunction with the FINE neural cuff electrode [34] which has a geometry of two planes of eight electrodes which constrain the nerve into a rectangular cross-section. In several studies with gradually improving algorithms based on beamforming and Bayesian signal training approaches, it has been shown that activity of the tibial and peroneal fascicles in the main sciatic trunk may be identified in the rabbit acutely and dog in chronic preparations. The algorithms may be used to generate images; modelling and tank studies suggested a localisation accuracy of c. 1mm using the FINE electrodes with 16 contacts around the dog sciatic nerve [30, 35, 36] . The methods have been shown to recover movement intent in real time with an SNR of 1.5-2.5 (3 -7dB) and accuracy of 70-80% in freely moving animals.
In individual examples, reconstructed sources can be shown to correlate with the histological location of the tibial and peroneal fascicles. However, the repeatability across studies is not clear; in [37] , reconstructed source locations were overlaid on histology in three of the seven nerves studied. Of the six fascicles represented, one was completely off, and three were largely outside the histological fascicle. For single fascicle activity, the algorithms were rapid and able to deliver localisation in almost real-time over milliseconds. However, for more realistic combined physiological activity with stimulated activity in both fascicles, averaging was needed to produce source discrimination [38] .
Experimental Design.
Here, we report the design and application of imaging axonal traffic in the sciatic nerve of anesthetized rats with EIT using an external cylindrical cuff wrapped around the nerve. Initially we demonstrate the feasibility of measuring impedance signals in the nerve and determine the optimal current frequency for undertaking EIT on the basis of the SNR in single channel recordings. Then we characterize the impedance signal in the myelinated sciatic nerve and demonstrate EIT imaging of localized, spatially separated neural activity in sciatic nerve evoked by electrical stimulation of the distal tibial and common peroneal branches ( Figure 2 ). Finally, we cross-validate EIT images against histological cross-sections of the sciatic nerve obtained with the cuff in place as well as inverse source imaging of the recorded compound action potentials. The accuracy of EIT was compared to that of ISA. There have been recent significant advances in ISA, which include Hybrid Bayesian signal extraction (HBSE) [35] and other forms of signal-matched filtering. We have not yet implemented such approaches for fast neural nerve EIT, as satisfactory imaging has been possible without them. We therefore selected the standard Lead-field approach in combination with Tikhonov regularisation [39] . This allowed headto-head comparison between the techniques as mathematically inverse problems are solved identically and the only difference is in the physics and acquired data. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Methods Electrode design. EIT was performed using flexible cuff electrode arrays made from laser cut stainlesssteel foil, 12.5 µm thick, on silicone rubber. Arrays comprised 16 0.15 x 0.7 mm electrode contacts, each spaced 0.15 mm apart ( Figure 3 ). Connecting tracks were 150 µm wide with an inter-track spacing of 35 µm. The total thickness of the array was 220 to 250 µm. After fabrication, electrodes were platinized to reduce contact impedance below 1kOhm at 10 Hz for each electrode. This reduced noise from the electrode-electrolyte interface by about two orders of magnitude.
The electrodes were fabricated using a laser-cutting technique with the following protocol: 1) The 10um release layer (Poly(4-Styrenesulfonic Acid), Sigma Aldrich, UK) was spin-coated on the 70x40mm glass slides (Fisher Scientific, UK) followed by 100um layer of the silicone rubber (MED4-4220, Polymer Systems Technology Ltd, US). 2) The rubber was cured for 5 mins at 100 deg C in the oven. 3) Stainless steel foil (0.0125 mm, Advent Research Materials, UK) was glued on top of the rubber. 4) The electrode profile was cut using 20W precision laser cutter (355 nm, IDG lab, UCL, UK). 5) Excess foil was peeled off, and the second 100um layer of the silicone rubber spin-coated on top. 6) The electrode openings and connector pads were laser-cut and peeled away. 7) Finally, the array was glued on the inside of the 1.8mm ID silicone rubber tube (Tygon LMT-55, Fisher scientific, UK) with thread mounted to assist implantation, and connector side was attached to a custom PCB using 20-way 1.5mm connectors (Farnell, UK). Animals. All animal work undertaken in this study were approved by the UK Home Office and in accordance with its regulations (Project number: PPL 70/7450). A total of 8 Sprague-Dawley adult male rats weighing 300 to 450g were used for recordings. Anaesthesia was induced with a 5% isoflurane in 100% O2. Rats were then intubated using a small animal laryngoscope [40] and an 18G cannula and mechanical ventilation was provided, using a Harvard Apparatus Inspira Ventilator (Harvard Apparatus, Ltd, UK), with a 50/50% gas mixture of O2 and air. Arterial and venous access was established through cannulation (BD Insyte/Vialon, Becton, Dickinson U.K. Ltd.) of the right femoral vessels. The arterial blood pressure was monitored (Cardiocap 5, Datex Ohmeda) and the mean arterial pressure (MAP) kept between 90 and 110mmHg using labetalol and adrenaline as necessary. Once intravenous access had been established, a constant infusion of propofol was initiated. Access to the common peroneal nerve was established through a 2mm lateral incision in biceps femoris near the knee joint. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t After that the retainers were removed, and internal cavities were closed with cotton soaked in 0.9% sterile saline solution. Procedures were performed on a vibration isolated table (Thorlabs Inc., USA) and, throughout experiments, the core body temperature of the rat was controlled with a homeothermic heating unit (Harvard Apparatus, Kent, UK) and maintained at 37⁰C. All surgical procedures were performed using aseptic techniques. Electric Stimulation. For all studies, a square biphasic (positive first) constant current temporal waveform was delivered using a balanced current source (Keithley, UK model no 6221) with 5 mA amplitude, 200 µs pulse width, 2 Hz frequency (500 ms inter-stimulus time) for impedance characterisation and 1-3 mA amplitude, 50 µs pulse width, 5Hz frequency (200 ms inter-stimulus time) for stimulation of branches. The waveform was delivered using bipolar Ag hook electrodes. Impedance measurement. The EIT cuff was placed on the main trunk of the sciatic nerve running in the posterior compartment of the thigh approximately 20mm distal to the greater sciatic foramen in anaesthetized rats (Figure 4a ). Transfer impedances were recorded by injecting constant current of 30 μA peak to peak at 6000 Hz (5 nC/phase) using a commercial current source (Keithley, UK model no 6221). Each current injection was performed through a single pair of electrodes with a spacing of 5 intervening electrodes, selected using a custom made multiplexer [41] . The electrode spacing was based on the best depth distinguishability, ensuring enough current would penetrate inside the nerve without compromising resolution [42] . The resulting voltages were recorded with the remaining 14 electrodes with respect to the reference ring electrode using a commercial high-specification ActiChamp EEG amplifier (BrainProducts GmbH, Germany) with a sampling rate of 100 kHz at 24 bits per channel (Figure 4b ). Each transfer impedance measurement current injection was averaged over 150 consecutive 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 200 ms trials lasting 30s. This yielded a total of 234 (16x14) transfer impedances averaged over an 8minute window. Impedance changes were then demodulated with a ±3000 Hz bandwidth around the carrier frequency, giving 0.3 ms time resolution within the 200 ms trials (Figure 4c ). EIT imaging. EIT images were reconstructed using the following procedure, described in detail in [43] , with all of the used tools available online (https://github.com/EIT-team/). 1) Forward problem solution. The model of the nerve was chosen to be cylindrical, with diameter determined from histological slices for each individual nerve by fitting the circle (best linear fit). The electrode locations in the forward model were co-registered with histological slices by fitting the circular profile to the histological image and manual evaluation of the sites of the beginning and the end of the cuff array. As histological images of the cuff were distorted during preparation (the electrode cuff opened and buckled), the recording placement was corrected by second order deformation of the shape determined by the histology to the circular profile which was fitted as a nerve domain. The procedure was justified by the observations made during the recording that all of the electrodes were in good contact with the nerve and cuff shape was almost perfectly cylindrical. For the nerves where histology was not available, the generic mesh (1.4 mm diameter) and electrode locations (equally spaced around the circumference) were used ( Figure  4d ). The forward problem was solved using a complete electrode model utilizing the UCL PEIT forward solver [44] . Forward solution provided a linearized conductivity-|dZ| matrix, which was projected onto regular 100k-element hexahedral mesh for imaging [43] .
2) Inverse problem. Jacobian matrix inversion was accomplished using 0th order Tikhonov regularization and post-processed with noised-based voxel correction [43] . The raw |dZ| data at each time frame was reconstructed in first 5ms after the stimulus resulting in 500 3D images 0.01 ms apart. Background inter-stimulus noise was also projected into volume using the same reconstruction parameters. Then each voxel in each time frame was divided by the standard deviation of the projected noise, resulting in the z-score of the conductivity change with respect to the background noise ( Figure  4e) . Inverse source analysis. The analysis was performed using the CAP recorded simultaneously with EIT. The CAPs were extracted by low-pass filtering (5th order Butterworth filter with 2000Hz cut-off) and trial-by-trial averaging of the data, resulting in 16 CAP traces over 200ms for each dataset. The CAPs were re-referenced to the mean of all channels to get rid of common signal. Then the following was performed: 1) The forward problem was solved using a lead-field matrix approach, linearizing the relationship between inner current density and measured voltages. It was computed with the adjoint fields theorem and electrical reciprocity principle [45] on the exact tetrahedral meshes for each nerve as for EIT. 2) Imaging algorithm (inverse source analysis). CAPs were reconstructed into images by leadfield matrix inversion with zeroth order Tikhonov regularisation and noise-based image post-processing using the same technical method and hexahedral meshes as for EIT. The resulting imaging sets were current density amplitude z-score with respect to the background noise. Histology. At the end of the experiment, rats were euthanized and the EIT cuff containing the portion of sciatic nerve was carefully dissected to maintain the correct orientation and alignment. The collected tissues were then embedded in optimal cutting temperature compound (OCT, Tissue-Tek) and immediately frozen on dry ice. Samples were then stored at -20⁰C. Coronal sections of 30 µm thickness were obtained with a cryostat (Leica Biosystems, CM1950), collected on SuperFrost Plus slides (Fisher Scientific, 10149870) and imaged using a microscope mounted camera. Sections showing the sciatic nerve and the silicone backbone of the EIT cuff were then used to determine the match between the EIT reconstructed images and the spatial distribution of the tibial and common peroneal nerves within the cuff. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 4 . EIT data collection and processing. (a) The 16 electrode array cuff was placed around the exposed sciatic nerve. 2 bipolar stimulation electrode cuffs were placed over the exposed tibial and common peroneal nerves respectively. (b) The tibial or peroneal nerves were electrically stimulated with biphasic pulses (Stim) and 100 cycles averaged for each impedance measurement.
Simultaneously a constant amplitude current of 30µA at 6 kHz was injected through selected pairs of electrodes. The resulting voltages were recorded on all other 14 electrodes with respect to a reference in distal circumferential electrode. The voltages were then low pass filtered at 2 kHz to yield evoked compound action potentials (CAP), and band pass filtered at 6 ± 3 kHz to yield an amplitude modulated sine wave (V), which was demodulated to reveal the impedance change (|dZ|). (c) This sequence was repeated for all 16 electrode injection pairs. Two injection pairs are illustrated. Redinjection pair; hollow -recording electrodes; black traces -resulting impedance decreases. (d) Images were reconstructed using a 2x106-element FEM tetrahedral, and 100,000-element hexahedral meshes with electrode locations taken from the histology. (e) The resulting data were stored in a 4D spatiotemporal format.
Controls.
The following controls were performed in some rats in order to evaluate if the impedance change signals obtained in the recordings were due to genuine impedance changes related to the opening of ion channels rather than artefact: 1) Current amplitude control. The amplitude of the EIT current was varied between 10 and 170 uA in order to ensure if there was proportionality of the impedance signal to the applied current amplitude. This was undertaken in order to ensure the impedance voltage signal conformed to Ohms Law, and so that the applied current did not itself open ion channels and cause artefactual impedance changes. 2) Current phase control. The phase of the applied current with respect to stimulator was randomized in every trial. 3) No stimulation control. EIT was performed without stimulation to ensure absence of the signal. 4) Stimulation amplitude control. The stimulator amplitude was normally set to the minimal sufficient to cause maximal CAP for the recordings. In this control, the 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t amplitude was increased 5x times in order to ensure the impedance changes are not related to the stimulation artefacts. 5) Stimulation polarity control. The polarity of the stimulation was changed in order to ensure impedance changes were not related to stimulation artefact. 6) Crushed nerve control. The nerve was crushed after the experiment in order to ensure absence of CAP and impedance changes and exclude all possible artefacts not related to neural activity. 7) Neuromuscular blockade (NMBA) control. NMBA was introduced in order to ensure absence of muscle artefacts. Statistical analysis. All results are presented as mean±1SE unless otherwise stated. For each result, the total number of acquired parameters/datasets (n) acquired across number of rats (N). A two-sided paired t-test with respect to background inter-stimulus noise was performed to determine the statistical significance of time-varying changes with P values displayed, unless otherwise stated. All datasets were considered to be independent (i.e. assumed N*n independent cases), even if they came from the same test animal under the NULL hypothesis that peak evoked activity was from the same distribution as background non-evoked activity. Correction was not used since the events (background VS activity) were sufficiently separated in time (>100ms) for any acquisition/signal processing/filtering to have an effect. One-way ANOVA analysis were performed for variable statistics, such as current amplitude, phase, and polarity controls. For all image comparison statistics Bonferroni correction was used as the separate pixels in the image were correlated by the nature of image reconstruction routine.
Results

Characteristics of impedance changes during the compound action potential
To establish feasibility of impedance measurement in peripheral nerves and characterize the signal in myelinated nerves, the hind paw was electrically stimulated supramaximally in order to produce a compound action potential (CAP) in the sciatic nerve. For single channel impedance recordings, electrical stimulation was produced in the left hind paw between toes 1-2, and 4-5, to ensure stimulation of the entire paw (5 mA, 200 µs pulse width, 2 Hz stimulation). Reproducible single-channel impedance changes had maximum amplitudes of 0.2 ± 0.05 % (across all significant frequencies, P<0.0001, paired t-test with respect to inter-stimulus noise, n = 256, N =4)), an average onset of 1.03 ± 0.01 ms (mean ± 1SE), and duration of 1.01 ± 0.04 ms. Based on the duration and onset of the EIT signal, significant changes were caused by A or B-fibre activity with conduction velocities between 20-60 m/s. The SNR of the evoked averaged peak impedance signal was 8.0 ± 0.3 at 6 kHz (n = 32, N = 4) at a maximum, corresponding to a single-shot real-time SNR of 0.80 ± 0.03. It decreased to 2.2 ± 1.0 and 4.0 ± 2.1 at 8 and 10 kHz respectively (n=8, N =4) before increasing to 7.1 ± 3.1 and 5.4 ± 3.0 at 11 and 15 kHz (n=8, N =4). In order to determine if the unexpected non-monotonic decline with frequency was due to noise contamination, the background noise was analysed at different frequencies. The root-meansquare noise 0.5 ± 0.01 µV at all frequencies except for 8 and 10 kHz where it was 2.5 µV ± 0.1 µV.
EIT imaging of functionally distinct fascicles in peripheral nerves
For imaging studies, the tibial and common peroneal nerves were electrically stimulated one at a time using Ag wire hook electrodes, 0.5 mm in diameter; this evoked CAPs in corresponding fascicles within the sciatic nerve (Figure 2a) . A 16-electrode EIT array was placed around the sciatic nerve in the thigh (Figure 2c ). Evoked responses were induced using supramaximal electrical stimulation with a 50 µs pulse width and 1-3 mA amplitude. Each branch was stimulated repeatedly at 5 Hz with a 200 ms interstimulus interval. The stimulator also generated a trigger signal which was used to separate the trials.
The imaging data was collected in 7 rats. In 3 rats the nerves were extracted with the electrode array post-experiment. In these rats the nerve diameter and electrode locations were obtained for each nerve using histomorphometry. In each rat, 4 imaging datasets were collected for each branch stimulation, resulting in 56 imaging datasets altogether; 24 of which (in 3 rats) were used for independent validation of EIT. The resulting average CAP amplitudes measured with the cuff were 250 ± 50 µV and 160 ± 40 µV in response for tibial and peroneal branches stimulation, respectively.
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These corresponded to stimulation of the tibial (peak at 1.03 ± 0.04 ms, mean ± 1 SE), and peroneal (peak at 0.71 ± 0.02 ms) branches ( Figure 5 ). There were significant regions of activity (P<0.005, two-sided paired t-test with respect to background noise), which were spatially separable for tibial and common peroneal branches respectively (P<0.001, n = 56 in N=7 rats, two-sided t-test with Bonferroni correction). The centres of activity produced by stimulation of single peripheral branch were located in close proximity to each other across the animals for both tibial and peroneal stimulation respectively (all distances were < 0.06 mm, n=56 in N=7 rats). The mean separated volume (non-overlapping region in % of a total volume) was 90% with peroneal and 85% with tibial fascicles. The total mean overlap was < 15% (n = 56 in N=7 rats).
Independent validation of EIT images was performed in 3 animals by direct comparison with coregistered histological images and inverse source analysis (ISA) of peak CAP activity. ISA was performed with linear lead field matrix approach using the same meshes and regularisation paradigms as for EIT to make it comparable (see online methods for details). Co-registration of the electrodes on the histological images was performed by fitting the circle to the shape of the cuff and determining the positions of the first and last electrode with respect to the top (Figure 5a ). Comparison showed the position mismatch was 0.1 mm ± 0.03 mm between EIT and histology, and 0.14 mm ± 0.06 mm between EIT and inverse source imaging (n=24 in N = 3 rats, Figure 6 ).
Controls
Impedance changes successfully passed all controls in 6 rats (3 rats for controls were used from imaging data set): n = 12 for current level control (P>0.5, one-way ANOVA), 360 for current phase (P>0.5, oneway ANOVA), 8 for stimulation amplitude and polarity (P>0.5, one-way ANOVA), 360 for NMBA (P>0.5, paired two-sided t-test), 5 for crushed nerve (P>0.5, paired two-sided t-test), 3 for no stimulation (P>0.05, one-side unpaired t-test, activity in the expected time frame was compared to inter-stimulus time frame). Injected current with magnitudes lower than 150uA at 6kHz did not alter the CAP and impedance changes significantly (P>0.5, one-way ANOVA). At higher magnitudes CAP and impedance changes were significantly modified (p<0.05, two-sided paired t-test). At magnitudes >170uA, significant leg movement was observed during current injection through some of the channels (around 30%) at 6kHz without applied stimulation. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t Figure 6 . EIT images of the sciatic nerve overlap with morphological localization of tibial and peroneal fascicles. Comparison of the histology (left column, Common peroneal fascicle is marked P, tibial fascicle is marked T) with EIT images (middle, mean over 4 sets) and Inverse source analysis over CAP distribution on the electrodes (left, red filled circle is the location of the electrode on which the largest CAP amplitude was measured).
Discussion
We have for the first time demonstrated the feasibility of using EIT to record spatially selective functional fascicles in a peripheral nerve. We were able to identify optimal recording parameters, and demonstrated the recording of physiologically relevant single channel impedance changes significantly related to the CAP propagating in the sciatic nerve. These had a SNR of 8 at the optimum recording frequency of approximately 6 kHz. The optimal current level for acquiring EIT signals was 30-50 µA (5-8 nC/phase) which was subthreshold and did not modify the action potential. The impedance signal in myelinated nerve was attributable to fast myelinated (A-beta/delta) sensory/motor afferent fibres conducting at 20-60 m/s [46] . There were no significant impedance changes (with P<0.05) with slower and wider duration; this may have been due to the stimulation parameters as slower fibres require a wider stimulation pulse in order to activate or greater dispersion. For the first time, we produced spatially distinguishable EIT images of fascicle specific impedance changes which corresponded to the known co-registered histomorphometric positions of the tibial and common peroneal fascicles. Although there were visible deviations on the single topographic distribution of the fascicles between EIT and histology (probably due to deformation caused during slice preparation), the average centre-to-centre mismatch error was below 100 µm.
Comparison of EIT and ISA. The instantaneous SNR in this work was 0.8 (-4 dB) at best, in comparison to 10 (20 dB) for simultaneous ISA implemented in this work, and real-time SNR of 2.5 (8 dB) reported in the published literature [36] . It is therefore clear that the SNR in ISA is greater; as a Page 12 of 16 AUTHOR SUBMITTED MANUSCRIPT -JNE-102312 .R2   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 A c c e p t e d M a n u s c r i p t result, it was necessary to average for 7 minutes to improve this and also to yield the additional number of independent measurements required for EIT.
When applied to averaged data, both methods had a similar average mismatch error of < 140 µm. However, it is visually apparent that image quality and resolution for EIT is superior to that for ISA. In one rat ( Figure 6, rat 3) , ISA almost failed to reconstruct activity in the common peroneal fascicle as a single region, probably due to the contact impedance mismatch to which the method is very sensitive. Overall the accuracy of the fascicular prediction with EIT was 100% in comparison to 90% in case of simultaneous ISA, and 70-80% with the method implemented in freely moving animals [36] .
Study limitations and future work. The main limitation of the technique, as it is presented, is the poor SNR in comparison to ISA. Sufficient averaging is required in order to obtain reliable signals, so it is impossible to apply the technique as it is in real time. In addition, if the data is to be recorded during spontaneous activity, dispersion of the compound action potential and partial volume effects may reduce this significantly further.
The present study reports the first use of this technique as a proof of concept for imaging fasciclelevel activity. In principle, it is not limited, however, to only fascicle-level, and given enough electrodes around the nerve, it may be possible to improve the resolution further. In the future, we plan to use 32electrode arrays where a theoretical resolution of <30 μm could be achieved. At present, a principal intended target is for imaging and selective stimulation in the human vagus nerve. This has a diameter of 3-4mm and has about 30 fascicles. With the current resolution, this should permit identification of most fascicles although probably not sub-fascicular activity. However, this would still be superior to other existing methods.
EIT may be a powerful technique for determining the functional anatomy of fascicles in Electroceuticals, where the need for triggered repeated activation of a distal end-organ of interest is practicable. Although it would not currently be suitable for real-time motor control in neuroprosthetics, it may be possible to improve the SNR and temporal resolution of fast neural EIT in the future with the following developments. EIT data can be acquired in phase and frequency division multiplexing mode, where each electrode combination is assigned simultaneously with a unique frequency and phase; this allows parallel recording of all possible combinations [41] . SNR could be improved through spatiotemporal methods of activity extraction, for example, velocity-selective [47] , or variance-based methods, similar to the ones used for advanced ISA algorithms [35] . In conclusion, ISA and fast neural EIT with neural cuffs represent complementary ways to provide localised fascicle information which is likely to be of significant benefit for neuroprosthetics and Electroceuticals. This work is the first presentation of this application; further advances may lead to improved temporal and spatial resolution. At present, EIT appears to offer improved spatial resolution which could be of value where averaging over tens of seconds or minutes is practical.
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